Introduction
Vitamin A deficiency (VAD) is one the most serious nutritional problems facing the world today. In 2004, over 600 000 deaths in children under the age of five were attributed to VAD (1) , due in part to increased susceptibility to infectious diseases. Vitamin A is obtained from dietary sources in the form of retinol, beta-carotene or retinyl esters. Vitamin A is primarily stored in the liver in the ester form, which can be de-esterified into the alcohol form (retinol) and released into the blood stream. Retinol is then converted to retinal by alcohol dehydrogenases, a group of enzymes commonly found in most cell types. Further conversion of retinal to retinoic acid (RA), an active metabolite of vitamin A, is mediated by retinaldehyde dehydrogenases (RALDHs). These enzymes were originally discovered in gut dendritic cells (DCs) (2) , leading to the belief that DCs were the main distributors of RA. More recently, macrophages (3) and epithelial cells (4) (5) (6) have been shown to express this class of enzymes, expanding the repertoire of cells able to convert retinal to RA.
RA has long been recognized as a key regulator of immune function, altering the activity of innate and adaptive immune cells alike. Historically, research efforts to define RA influences on the immune response have largely focused on the intestinal tract. Studies have shown that RA supports normal migratory and antigen-presenting activities of DCs (7, 8) , as well as phagocytic activities of macrophages (9, 10) . B-and T-cell activities are also influenced by vitamin A, both directly and indirectly. Vitamin A supports: (i) B-cell activation, stability and class switching, which is essential for the normal appearance of IgA and IgA antibody-forming cells (AFCs) in the intestinal tract (11, 12) , (ii) DC-mediated imprinting of effector T cells with tissue-specific homing integrins (e.g. α4β7) to assist trafficking of T cells to gut tissues (2) and (iii) the development and stability of forkhead box P3 (FoxP3 + ) regulatory T cells (Tregs), which can play an important role in contraction of immune responses and maintenance of homeostasis (13) (14) (15) (16) (17) .
There are numerous examples of dysregulated cytokine expression and inflammation under VAD conditions that improve upon supplementation with vitamin A. These results are often ascribed to the induction of FoxP3 + T cells by vitamin A (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . In a mouse model of acute, small-intestinal inflammation Tregs treated in vitro with vitamin A were able to suppress inflammation upon transfer into afflicted animals (28) . Similarly, in a mouse model for colitis, treatment with vitamin A resulted in increased FoxP3 and decreased IL-6 expression in colonic tissues and ameliorated disease symptoms (29) . In vitro, RA can promote the differentiation of naive T cells into FoxP3 + inducible regulatory T cells (iTreg) in the presence of TGFβ (16, 30) . Activity is mediated in part by RA binding to the retinoic acid receptor (RAR) subunit of the RAR/RXR (retinoid X receptor) heterodimer in conjunction with the binding of non-RA agonists to the RXR subunit (14) (15) (16) 31) . Importantly, FoxP3 expression directly inhibits the transcriptional activity of RAR-related orphan receptors RORα and RORγt that would otherwise drive the development of pro-inflammatory T h 17 cells (32, 33) . In the absence of exogenous vitamin A, naive T cells treated with IL-6 and TGFβ in vitro exhibit decreased FoxP3 expression (34) and are driven toward the pro-inflammatory T h 17 cell lineage (35) .
Previously, we have examined virus-specific immune responses in the upper respiratory tract (URT) of VAD animals, a key site of entry for respiratory pathogens. We identified similarities between immune activities in the URT and those previously reported in studies of the small intestine. For example, we found that IgA expression and CD8 + T cells were reduced in VAD animals infected with a respiratory virus (36, 37) . Here, we expand upon those findings by analyzing cytokine/chemokine activity following respiratory virus infection. We discovered that VAD animals experience enhanced cytokine activity in nasal tissues following viral infection, as compared with controls. Unexpectedly, we observed no reduction in the frequency of FoxP3 + T cells in the respiratory tract of VAD animals. Seeking an alternative explanation for the observed enhanced cytokine response led us to more closely examine the course of respiratory virus infection in VAD animals. Despite previously detecting little to no difference in viral load during peak infection times (day 7) (36), here we demonstrate that at 10 days post-infection, when infection begins to wane, increased amounts of infectious virus and viral antigens can be detected in the nasal tissues of VAD mice as compared with controls. URT tissues from infected VAD animals also exhibited an increased potential to trigger cytokine expression by virus-specific CD4 + T cells. Data suggest that an under-active rather than over-active immune response resulted in delayed viral clearance and a consequent up-regulation of cytokines.
Our results emphasize that caution should be taken when treating respiratory virus infections in patients with vitamin deficiencies. Simple efforts to avoid cytokine/chemokine over-expression by enhancing Treg frequencies and downregulating immune effectors may be counterproductive if virus has not been cleared.
Methods

Animals and VAD
The C57BL/6 (H2 b ) mice used throughout the study were purchased from Jackson Laboratories (Bar Harbor, ME, USA) as pregnant females. Mice were housed as specified by the Association for Assessment and Accreditation for Laboratory Animal Care (AALAC) guidelines and all protocols were approved by the Institutional Animal Care and Use Committee (IACUC). Day 4-5 estrus pregnant females were placed on either a control or VAD diet (Harlan Laboratories, Madison, WI, USA) upon their arrival in the animal facility at St. Jude Children's Research Hospital, as previously described (36, 37) . VAD (cat. no. TD.10762) and control (cat. no. TD.10764) diets differed only in vitamin A content, containing either 0 or 15 IU g −1 vitamin A palmitate, respectively. Mice remained on their assigned diets throughout their pregnancies and while nursing. Weaned pups were continued on the appropriate diets until adulthood and throughout experimentation. Vitamin A levels were evaluated in the VAD mouse model by serum testing at the Texas Veterinary Diagnostic Laboratory (Fort Collins). Control animals exhibited levels of serum retinol of ≥20 µg dl −1 and VAD animals exhibited undetectable levels of serum retinol. Experiments were conducted with both male and female adult mice in test and control groups. Potential differences between male and female mice were not evaluated. Mice were sacrificed by anesthetization with tribromoethanol (avertin) followed by exsanguination or by carbon dioxide asphyxiation followed by cervical dislocation.
Infections and viral titers
Mice were anesthetized with avertin followed by intra-nasal (IN) inoculations with 250 pfu of Sendai virus (SeV; Enders strain). This low dose was selected to limit pathology and ensure mouse survival. The same dose was used in our previous studies of virus-specific IgA and CD8 + T-cell responses (36, 37) . A slightly higher dose of 500 pfu was previously used to evaluate virus titers on day 7 and weight loss from days 0 to 10, revealing no stark differences between VAD and control animals, and no death during the 10-day observation period (36) . At indicated time points, mice were sacrificed and tissues were harvested for titering. Nasal tissue was harvested by removing skin, lower jaws, soft palates, muscles, cheek bones and incisors from the head. Nasal and lung tissues were homogenized in 1 and 3 ml PBS, respectively, and then serially diluted in DMEM/0.1% BSA + 5 µg ml blood cells) and incubated at 4°C for 45 min. Plates were scored for hemagglutination and TCID 50 were calculated using the Reed-Muench formula (38) .
LacZ-inducible T-cell hybridomas
SeV-specific T-cell hybridomas were generated as previously described (39, 40) . Briefly, lymphocytes were isolated from the mediastinal lymph nodes of SeV-infected C57BL/6 mice 10 days after infection. Blast cells were fused with BWZ.36 cells, which contain the lacZ gene fused to the NFAT-activated enhancer of the IL-2 gene. The T-cell clone used in this study (H5204-H5) was specific for amino acids 421-436 of the SeV HN protein (VYIYTRSSGWHSQLQIG). The control HIV envelope-specific hybridoma (HUGP3-25) was generated as previously described (41) and was specific for the envelope peptide IVGNIRQAHCNVSKA. ) were added to 96-well flat-bottom plates along with either serial dilutions of tissue from infected mice or hybridoma-specific peptides as appropriate. Serial dilutions of peptides started at 10 µg ml −1 . Nasal tissue was collected from infected mice and an emulsification was performed by pulverizing the tissue with a syringe plunger in 1000 µl of CTM supplemented with 10% FBS, followed by straining through a 70 µM cell strainer. Two-fold serial dilutions of emulsified tissues were added to the 96-well plates containing APCs and hybridoma cells beginning at 12.5 µl well −1 . Cultures were incubated overnight at 37°C and the following morning an X-gal assay was performed to identify responding hybridomas. The co-cultured APCs and hybridoma cells were first washed with PBS and then fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS for 5 min at 4°C. After fixing, cells were washed again with PBS and then β-galactosidase activity was detected by adding 50 μl of PBS containing 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl 2 and 1 mg ml −1 of the substrate 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-gal) to each well. Plates were incubated at 37°C for at least 8 h to overnight. Blue cells were counted using a tissue culture inverted microscope. Statistical analyses were performed using GraphPad Prism. To calculate P values, an unpaired t-test was performed on the values from the lowest dilution (12.5 µl) of tissue added to the hybridoma cells.
Antigen persistence T-cell hybridoma assay
Cytokine assays
Nasal washes were performed with euthanized, SeV-infected mice by rinsing nasal cavities with 200 µl PBS. Wash samples were centrifuged to remove cellular material, and the supernatants were tested for the presence of 32 different cytokines, using a Milliplex MAP Kit (Millipore; cat. no. MCYTOMA-70K-PX32). Cytokines/chemokines examined included: G-CSF, Eotaxin, GM-CSF, IFNγ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12(p40), IL-12(p70), LIF, IL-13, LIX, IL-15, IL-17, IP-10, KC, MCP-1, MIP-1α, MIP-1β, M-CSF, MIP-2, MIG, RANTES, VEGF, TNFα. Samples, controls and standards were prepared and processed as described in the Milliplex Handbook and read on a Luminex 200 Multiplexing Instrument using xPonent software. Data were processed using Milliplex Analyst software and statistical analyses were performed using Excel software. Area under a curve (AUC) calculations were performed with GraphPad Prism Software.
Gene expression profiling by microarray analysis
Control and VAD mice (n = 3 per group) were infected with 250 pfu SeV. Nasal tissues were harvested at 10 days postinfection and combined for each group. Tissue was treated with collagenase (4 mg ml −1 in PBS) for 30 min at 37°C, and then passed through a 70 µM cell strainer with a syringe plunger. Cell suspensions were layered onto a 40/75% discontinuous Percoll gradient and centrifuged at 1800 r.p.m. for 30 min. Lymphocytes were collected from the gradient interface (nasal tissue-associated lymph tissue [NALT] ) and washed 1× with PBS. RNA was then isolated from cells using an RNeasy Microkit (Qiagen) and quantitated using a Nanodrop 1000 spectrophotometer (Thermo). RNA was collected and analyzed from three separate experiments.
Twenty nanograms of total RNA were converted to cDNA using the NuGEN Ovation Pico WTA v2 system and then labeled with biotin using the NuGEN Encore Biotin module (NuGEN Technologies, Inc., CA, USA). Biotinylated cDNA targets were hybridized to an Affymetrix HT MG-430 PM array which interrogates >39 000 mouse transcripts. Processing of the hybridized arrays was performed using the Affymetrix GeneTitan system. Signals from scanned arrays were summarized using the RMA algorithm (Affymetrix Expression Console v1.1). Differential expression in VAD and control samples was determined using Gene Set Enrichment Analysis (GSEA) as described (42, 43) . GSEA software v2.06 was obtained from the Broad Institute (http://www.broadinstitute.org/gsea/index. jsp). A total of 1606 canonical pathways were obtained from the Broad's Molecular Signature Database (c2.cp.v3.1), from Ingenuity Pathways (Ingenuity Systems, CA, USA) and from MetaCore (GeneGO, Thomas Reuters, CA, USA). Gene annotations (na33, December 2012) obtained from the Affymetrix NetAffx website were used to collapse the data set to unique gene symbols according to the maximum signal observed across redundant probe sets. Ranking of gene expression in VAD samples versus control samples was calculated using the signal to noise ratio algorithm in the GSEA software. A P-value for each Gene Set enrichment score (ES) was calculated by comparing the observed ES to those obtained from a null distribution generated from 1000 permutations of genes within gene sets. The false discovery rate (FDR) was calculated as previously described (43) and an FDR threshold <0.05 was established to identify significantly differentially expressed pathways. Differentially expressed transcripts
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were identified using the Local Pooled Error (LPE) t-test with the FDR estimated by the Benjamini-Hochberg method (44) . Functional enrichment analysis of gene lists was performed using the DAVID bioinformatics databases (http://david.abcc. ncifcrf.gov/) (45) .
Nasal tissue immunohistochemical staining
Nasal tissues from VAD and control mice were fixed in 10% neutral buffered formalin, decalcified, embedded in paraffin, sectioned (4 µm) and stained with hematoxylin and eosin stain. Immunohistochemical detection of FoxP3 + cells required epitope retrieval. Briefly, sections were incubated in citrate buffer pH 6.0 (Invitrogen) in a pressurized decloaking chamber (Biocare Medical) at 110°C for 15 min. A rat anti-mouse FoxP3 antibody (eBioscience) was used at a 1:100 dilution for 2 h with Background Sniper (Biocare Medical) added as a protein block to reduce nonspecific labeling. Following washes, slides were incubated with biotinylated rabbit anti-rat immunoglobulin (Vector, 1:200) for 30 min, then with horseradish peroxidase labeled streptavidin (Thermo Fisher) for 10 min, and finally with 3,3-diaminobenzidine (Thermo Shandon) for 5 min. Sections were then counterstained with hematoxylin 1:10 for 3 min. Sendai virus antigen was detected by first performing antigen retrieval in citrate buffer pH 6.0 at 98°C for 30 min in a pressurized decloaking chamber. A chicken antiSendai virus polyclonal antibody (AbCam; 1:16 000) was added for 30 min followed by a goat anti-chicken antibody (Vector, 1:200) for 30 min, and finally a rabbit anti-goat antibody (Vector, 1:200) was added for 30 min. Next a rabbit-on-rodent polymer labeled with HRP (Biocare Medical, 1:200) was added for 30 min (a detection system developed for binding rabbit antibodies on mouse tissue). This was followed as above with the 3,3-diaminobezidine chromogenic substrate and a light hematoxylin counterstain. Slides were analyzed by a pathologist in the Veterinary Pathology Core Department of St. Jude Children's Research Hospital.
FACS analysis
NALT was collected from control and VAD mice as described above. First, Fc block (CD16/CD32) was applied to cells for 20 min on ice. Cells were then stained with CD4 PerCPCy5.5 (1:400; BD Biosciences) and CD25 allophycocyanin (1:200; BD Biosciences) for 20 min on ice. Stain was removed and cells were re-suspended in FoxP3 fixation/permeabilization solution (eBioscience) and left overnight at 4°C. Permeabilization solution was then removed and cells were stained with FoxP3 PE (1:100; eBioscience) for 30 min at RT. Cells were then washed twice, resuspended in 1%FCS in PBS and evaluated on a FACSCalibur (Becton Dickson) Instrument. Cells were first gated for the lymphocyte population as determined by forward and side scatter, and then a second gate for CD4-positive cells was applied. CD25 and FoxP3 staining was then evaluated within the CD4 + lymphocyte population. Analysis was performed using FlowJo software and statistic values were calculated using Excel.
Results
Increased cytokine gene expression following respiratory virus infection in VAD mice
A battery of tests was conducted on VAD and control mice after an intra-nasal infection with 250 pfu SeV, as outlined in Fig. 1 . Our first studies examined global differences in RNA isolated from URT (NALT) 10 days after infection of VAD and control animals. RNA was reverse transcribed to cDNA and gene expression data were generated using the Affymetrix Gene Titan platform. GSEA of the microarray profiles clearly demonstrated cytokine/chemokine gene up-regulation in VAD mice compared with controls. Overall, 37 immune-related pathways were significantly activated in VAD mice (FDR < 0.05). Figure 2 shows the top four pathways up-regulated in VAD mice. Pathways all typified an inflammatory response, including 'graft-versus-host disease' (Fig. 2A) , 'chemokine receptor binding' (Fig. 2B) , 'cytokine receptor interactions' (Fig. 2C) and 'cytokine pathways' (Fig. 2D) . For each pathway the top 10 ranking genes are shown. We identified the recurring top-ranked genes across the 37 activated pathways by performing "leading edge" analysis within the GSEA software. The 100 top ranked genes on the basis of the number 
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of occurrences in the GSEA-identified pathways are shown in Table 1 . Figure 2E shows a heat map of the top 15 occurring genes ordered by relative increase in expression. Notably, among the 37 gene sets significantly up-regulated in VAD mice the top recurring genes were IFNγ, TNFα, IL-6 and IL-4. In addition to performing GSEA analyses, we performed transcript-level comparisons using the LPE t-test. Overall, 243 probe sets were identified as differentially expressed between VAD and control mice (FDR < 0.05; Fig. 2F ). These probe sets corresponded to 97 unique genes up-regulated and 91 unique genes down-regulated in VAD mice. We used the Database for Annotation, Visualization and Integrated Discovery (DAVID) program to perform a gene ontology (GO) enrichment analysis of the differentially expressed genes and found significant functional enrichment (FDR < 0.05) in up-regulated, but not down-regulated, genes ( Table 2 ). Supporting our GSEA analyses, we found the top three enriched GO terms in our study were: 'cytokine and chemokine mediated signaling', 'immunity and defense', and 'immune response'. Approximately one-third of all genes found to be significantly up-regulated in VAD mice were identified as being involved in immunity and defense. Thus, the results of our GSEA and DAVID analyses together demonstrated that vitamin A is a key regulator of immune-related gene expression in response to respiratory virus infection and that in its absence, cytokine and chemokine signaling is up-regulated. 
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T cells and cytokines in VAD Increased cytokine protein production in VAD animals following respiratory virus infection
To determine if changes in transcription resulted in measurable differences in protein expression, we examined cytokine production in nasal washes of VAD and control mice using the Luminex platform. Samples were collected on days 0, 3, 6, 10, 17 and 25 post-infection. Thirty-two cytokines and chemokines were evaluated at each time point. Of the 32 proteins tested, all but 7 (IL-2, IL-3, IL-5, IL-7, IL-12 p70, IL-13 and IL-17) were detectable at some point during the course of infection. In general, cytokine levels increased in both VAD and control animals by 3 days post-infection and returned to baseline levels by 25 days post-infection. Cytokines typically peaked at day 6 in control mice, but many remained elevated past this time point in VAD mice, peaking instead at day 10. Several cytokines, including IFNγ and IL-4, were expressed at levels several fold higher at day 10 than ever observed in control mice at any point during infection. This suggests that VAD both elevates and prolongs cytokine expression during respiratory virus infection (Fig. 3) . Cytokines that exhibited reproducible and significant differences in the nasal washes of VAD and control mice at 10 days post-infection included IL-6, IFNγ, IL-4, IP-10 and RANTES (Fig. 3 ). An additional seven cytokines, including TNFα, trended toward enhanced expression in VAD mice compared with controls at this time point. Thus, several of the top genes identified in the GSEA analyses were also found to be up-regulated on the protein level at the mucosal surface in VAD mice. When AUC was calculated it was found that every cytokine elevated in VAD mice at day 10, except for RANTES, had an increased AUC compared with controls. Notably, the AUCs for IFNγ, IL-4, MIP-1α, MIP-1β, MIP-2 and LIX were increased 200% or more in VAD mice (Fig. 3) .
Cytokines that exhibited no reproducible differences between VAD and control animals on day 10 are shown in Supplementary Figure 1 , available at International Immunology Online. Not all of the cytokines/chemokines identified as upregulated at the gene expression level in VAD mice were measurably different at the protein level, which may be the result of reduced sensitivity in the Luminex assay or retention of proteins in nasal tissues. No significant differences (P < 0.05) were detected in cytokine levels between control and VAD mice at day 6 post-infection, though VAD mice did exhibit decreased MCP-1 expression (P = 0.06) at this time point (Supplementary Figure 1 is available at International Immunology Online). Though not statistically significant, VAD mice also exhibited decreased levels of GM-CSF throughout the course of infection. Calculation of the AUC for these cytokines revealed approximately a 50% decrease in expression in VAD mice compared with controls ( Supplementary  Figure 1 is available at International Immunology Online). These results confirmed that there was an overall dysregulation of cytokine/chemokine expression in VAD mice compared with controls following virus infection of the respiratory tract.
Increased cytokine production in VAD animals is not associated with reduced numbers of FoxP3 + T cells in nasal tissues of VAD mice
To determine if FoxP3 + T cells were lacking in respiratory tissues of VAD mice, URT tissue sections were prepared and stained for FoxP3 on days 0, 3, 10, 17 and 25 days postinfection and scored by a veterinary pathologist. FoxP3 + cells were observed at low frequencies in the nasal tissues in both control and VAD mice prior to infection (Fig. 4A  and B) . As early as 3 days post-infection the number of FoxP3 + T cells increased, but remained infrequent in the sub-mucosa and within the olfactory and respiratory epithelium at sites of infection (Fig. 4C and D) . Similar numbers of FoxP3 + cells were observed in control and VAD mice at day 3. By day 10, increased numbers of FoxP3 + cells could be observed in both control and VAD mice (Fig. 4E and  F) . However, by day 17 post-infection FoxP3 + cell numbers waned in control mice (Fig. 4G) , but remained elevated in VAD (Fig. 4H) . By day 25, T-cell numbers waned in both animal sets (Fig. 4I and J) . This temporal pattern of FoxP3 + cell appearance and disappearance follows that of cytokine expression. FoxP3 + cell numbers wane only after cytokines wane in both control and VAD mice. In addition to our immunohistochemical (IHC) studies, we also quantitated total numbers of FoxP3 + cells in the NALT of infected animals at the height of infection by flow cytometry. As shown in Fig. 5 
Viral infection persists longer in the upper and lower respiratory tract of VAD mice
In an effort to understand why VAD mice experience increased cytokine expression at 10 days post-infection, we decided to take a closer look at the course of viral infection in these animals. Our previous experiments showed little difference in viral titers between VAD and control animals at 7 days post-infection when infection is at its peak for virus production (36) . Given the results of our cytokine study, we decided to extend our analyses to examine viral titers on days 10, 15 and 25 post-infection (Fig. 6) . Not surprisingly, the greatest difference in viral titers was detected in the nasal tissue of infected animals at 10 days post-infection. Notably, viral titers were approximately a log higher in the nasal tissues of VAD animals compared with controls (P = 0.004) and an increased frequency of lung infection was detectable (P = 0.08) at this time point (Fig. 6A) . By day 15, virus was cleared from the lungs of both VAD and control animals, but some virus persisted in nasal tissues (Fig. 6B) . At the end of the time course on day 25, there was no detectable virus in either animal group (data not shown). A summary of the results in Fig. 6C emphasizes that higher virus loads were detected in the nasal tissues of VAD animals on day 10 post-infection and suggests that VAD animals experience delayed viral clearance during respiratory infection.
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In addition to measuring infectious virus, we used IHC to examine the persistence of SeV antigens in nasal tissues of infected mice at days 3, 10, 17 and 25 post-infection. Nasal tissues from SeV-infected VAD and control animals was fixed, sectioned and stained for SeV. By day 3 post-infection SeV antigen could be detected ubiquitously throughout the respiratory epithelium in the nasal tissue of both VAD and control mice (Fig. 6D) . At 10 days post-infection control mice had cleared most SeV antigen from nasal tissues, whereas VAD mice retained large clusters of SeV-positive cells (Fig. 6E) . Fig. 3 . Cytokine expression is elevated and prolonged in the URT mucosa of VAD animals during viral infection. Nasal washes from uninfected and SeV-infected (250 pfu) control and VAD mice were collected at days 3, 6, 10, 17 and 25 post-infection (n = 3 per group per time point). Nasal wash samples were examined for cytokine expression using the Luminex platform. Asterisks indicate significantly up-regulated cytokines at day 10 post-infection (P < 0.05 by unpaired t-test). AUC was calculated for VAD and control mice and values are listed by cytokine in the table below the plots. Any values below the limit of detection were set to that limit for statistical purposes. Data shown are the averages of two separate experiments, except for day 25 which was evaluated in a single experiment.
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Representative images of antigen-positive airway epithelial cells are shown for both control and VAD animals, with arrows highlighting observed differences in antigen abundance. Increased amounts of SeV-positive cellular debris were also noted in the airways of VAD mice compared with controls, indicating a greater extent of damage to the airway epithelium. Only small amounts of antigen could be detected in either control or VAD mice by day 17 post-infection, and 
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antigen was fully cleared from all animals by day 25 (data not shown). These data suggest an important role for vitamin A in the clearance of both infectious virus and viral antigens during respiratory virus infection.
Nasal tissues in VAD mice exhibit increased T-cell activation potential
To assess the activation potential of lingering viral antigen in VAD mice, we harvested nasal tissue from SeV-infected VAD and control mice and performed a hybridoma-based T-cell activation assay. Briefly, we employed the use of a CD4 + T-cell hybridoma that was specifically responsive to a SeV peptide. This hybridoma was generated by inserting a lacZ gene fused to a portion of the IL-2 promoter, allowing cells triggered by antigen to be easily quantified in an X-gal assay. Assays were supplemented with splenocytes from unprimed mice as a source of APCs. As a negative control, infected tissues and APCs were co-cultured with an HIV-specific hybridoma.
Nasal tissues harvested from VAD and control animals 10 days after SeV infection were homogenized, serially diluted and added into the T-cell activation assay as a source of antigen. Corroborating our IHC and titer data, we observed that the SeV-specific hybridoma was activated by tissues from both control and VAD mice, but VAD tissues induced higher frequencies of activated hybridomas compared with controls consistent with a greater antigen burden (Fig. 7A and B) . As expected, neither control nor VAD SeV-infected tissues activated the HIV-specific hybridoma (Fig. 7C and D) and both hybridomas were activated by their appropriate peptide ( Fig. 7E and F) . In total, it appears that delayed viral clearance and lingering viral antigens in VAD nasal tissues likely result in greater T-cell activation potential, thus providing a simple explanation for the enhanced cytokine activity observed during respiratory virus infection in VAD animals compared with controls.
Discussion
High levels of virus and viral antigens in the respiratory tract of VAD animals associate with up-regulated cytokine expression
Experiments presented in this report demonstrated that VAD mice experience increased cytokine/chemokine gene expression and production in nasal tissues following respiratory virus infection. Cytokine activity in VAD mice generally peaked at 10 days post-infection, waned by day 17, and returned to baseline by day 25. Increases in both T h 1 and T h 2 cytokines were observed. On the basis of the previous literature we tested the possibility that the observed cytokine storm was the direct result of a failure of VAD animals to generate FoxP3 + T cells. Surprisingly, we found no reduction in FoxP3 + T cells in VAD nasal tissues, but instead detected similar or increased frequencies of FoxP3 + T cells in infected VAD mice compared with controls during respiratory virus infection. Further investigation into the kinetics of infection revealed that VAD mice bore a heavier burden of infectious virus and viral antigens at a late stage following initial infection, and an increased potential for T-cell activation. Hence, the observed elevated cytokine expression is likely due in large part to the increased load of infectious virus and viral antigen detected in VAD animals at late times following initial infection compared with controls. The failure of VAD animals to clear virus efficiently is not surprising as VAD impairs virus-specific IgA (37) and CD8 + T-cell (36) responses during respiratory virus infection. Defective IgA responses persist even a month after infection and likely for the lifetime of the animal. The virus dose chosen here and previous studies was nonlethal and both VAD and control mice generally cleared these infections. However, in ongoing preliminary studies with a high dose of influenza virus, VAD mice suffer significantly increased frequencies of weight loss and death compared with controls.
Very recently, our laboratory has demonstrated a correlation between vitamin A levels and the amount of total IgA in the sera of humans (46) . This may explain in part why VAD individuals experience increased morbidity and mortality from infectious diseases. If, like our VAD animals, humans have decreased IgA and CD8 + T-cell responses, they may also experience prolonged infections, enhanced inflammation, increased tissue damage, and possible death.
The generation of FoxP3 + T cells in a low vitamin A setting
In vitro studies have shown that vitamin A can drive the induction of FoxP3 + T cells in the presence of TGFβ (14, 35) , spawning our original hypothesis that a failure to generate FoxP3 148 Virus-induced FoxP3 + T cells and cytokines in VAD studies, which have detected FoxP3 + T cells in VAD animals or animals lacking RARα, a critical receptor for RA-mediated signaling (24, 47, 48) . Despite the presence of FoxP3 + cells in the nasal tissues of VAD mice in our study, it remains possible that the cells were not fully functional in their roles as immunosuppressors. FoxP3 + T cells can be highly diverse by origin (natural versus induced), function and differentiation (49) and may be inhibited by cytokines such as IL-6 (47, 50). Nonetheless, Kang et al. (48) demonstrated that animals fed a diet low in vitamin A had increased numbers of FoxP3 + T cells in the lung and intestine that were shown to have enhanced suppressive activity in vitro compared with animals fed a vitamin A sufficient diet. Of note, the presence of Treg activity in the VAD animals in our study followed a predictable time course (heightened when cytokine expression was waning), which could indicate inhibitory function. Consistent with results of Cha et al. (51) , we saw no indication of IL-17 up-regulation in either our microarray or nasal cytokine analysis, as would be Fig. 6 . Infectious virus and antigen persist in the URT of VAD mice. Nasal turbinates and lungs were collected from SeV-infected (250 pfu) control and VAD mice (n = 9-10 per group) at 10 (A) and 15 (B) days post-infection. Tissues were titered on MK-2 cells and scored for virus using an agglutination assay. Each dilution was evaluated in sextuplicate and a TCID 50 for each tissue was determined using the Excel Dose 50 Calculator (Reed-Muench formula). P-values were determined using that Mann-Whitney U test. (C) The geometric mean for each time point was calculated and plotted for both nasal and lung tissues. (D, E) Nasal tissues were harvested from SeV-infected (250 pfu) control and VAD mice at days 3 and 10 post-infection. Tissue sections were stained by immunohistochemistry for SeV. Slides from two animals from each of two separate experiments (n = 4 per group total) were evaluated.
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predicted if naive T cells were driven toward T h 17 rather than Treg development in VAD animals. Overall, our data emphasize that the dependency of FoxP3 + T-cell development (versus T h 17 development) on vitamin A is not absolute in vivo, and that the high cytokine expression we observed on day 10 post-respiratory virus infection in VAD animals could not be explained by a lack of FoxP3 + T cells.
Striking a balance between beneficial and destructive immune responses in VAD individuals
Balancing the benefits and risks of a potent, robust immune response is extremely difficult in the context of highly complex processes associated with a respiratory virus infection (52) . A poor response fails to clear virus whereas an overactive response, at its extreme, can lead to asphyxiation and death. This phenomenon has perhaps been best illustrated in the respiratory syncytial virus (RSV) field. Though RSV load is a direct predictor of disease severity in infants (53) , immune cells can also contribute to adverse events associated with RSV disease. In some cases, immune-mediated disease (e.g. asthma) may exist long after the virus has been cleared. In the 1960s, the adverse events caused by an RSV-specific immune response were clearly visualized when two children died and many others were hospitalized from natural exposure to RSV after receiving a formalin-inactivated vaccine. It is hypothesized that formalin treatment of the vaccine destroyed key epitopes . Following an overnight incubation with nasal tissues or peptides, hybridoma cells were fixed and an X-gal assay was performed to quantify activated cells. Each sample dilution was evaluated in 2-4 wells. Data shown are from one representative experiment of two independent experiments.
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for the generation of neutralizing antibodies (54) . Additionally, virus-specific CD8 + T cells were lacking, which is typical of responses to inert vaccines (55) . Poor antibody and CD8 + T-cell responses likely allowed the virus to traffic to the lungs, promoting the infiltration of T cells, eosinophils and neutrophils, which were associated with blocked airways, morbidity and mortality.
The VAD condition described here may share features with events following vaccinations with the formalin-treated RSV vaccine. In VAD mice, the IgA antibody response of the URT, a first line of defense against virus, is lacking. Virus-specific CD8 + T cells that normally clear virus-infected cells are also infrequent. The outcome is increased infectious virus and viral antigens that can drive CD4 + T cells to secrete cytokines. In vivo, this may prompt circular events such that each round of cell infiltration, activation and cytokine release may induce another. This is an important point to consider as new therapies involving the induction of regulatory T-cell responses to combat excessive inflammation are being investigated (56) . Our results suggest that this type of therapy might in some cases be harmful to a VAD individual, as the inhibition of immune reactivity could facilitate virus proliferation and trafficking, exacerbating rather than ameliorating disease. Facilitation of a rapid and robust immune response may instead be desirable so that virus may be cleared to eliminate persistent triggers for cytokine release. Clearly, the interplay of virus, immune effectors, and regulatory cells is complex and deserves continued study to ensure the best management of VAD patients with infectious disease.
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